The role of various adhesion molecules in lymphocyte homing to the brain and in inf lammatory autoimmune disease of the central nervous system (CNS) was examined in mice. Activated T cell lines and clones expressed CD44 and integrin ␣ 4 , but not L-selectin, and entered the CNS independent of their antigen specificity. mAbs directed against CD44 and integrin ␣ 4 prevented the transfer of experimental autoimmune encephalomyelitis (EAE) by myelin basic protein-specific T cells. T cells preincubated with anti-CD44 or antiintegrin ␣ 4 were blocked only partially from entering the brain parenchyma. However, both antibodies efficiently prevented CNS inf lammation and clinical expression of EAE when injected in vivo. This effect lasted as long as antibodies were administered. Antibodies specific for Lselectin had no effect on homing of encephalitogenic T cells to the brain or development of EAE. Antiintegrin ␣ 4 and anti-CD44 did not impair the activation and function of encephalitogenic T cells in vitro and did not deplete integrin ␣ 4 -or CD44-positive cells in vivo. These data suggest that, in the absence of leukocyte recruitment, the entry of a reduced number of activated myelin basic protein-reactive T cells in the CNS is not sufficient for the development and expression of EAE. We propose that antibodies to integrin ␣ 4 and CD44 prevent clinical disease by partially targeting the primary inf lux of encephalitogenic T cells and by preventing the secondary inf lux of leukocytes to lesions initiated by the transferred T cells.
The immune system is capable of recognizing and responding with specificity to various antigens while maintaining overall tolerance to self-components. This process involves the generation and selection of a diverse population of immunocompetent but naive lymphocytes from a large number of precursor cells in the primary lymphoid organs and the efficient initiation of an immune response by immunocompetent cells on capture of antigen in the secondary lymphoid organs (1) . These highly specialized immune microenvironments are linked with each other and with the extralymphoid sites of the body through lymphocyte homing and recirculation (2) .
Unstimulated lymphocytes recirculate continuously, going from blood to lymphoid tissue and back to blood again, having a cycle time that is measured in hours (3) . Lymphocyte recirculation occurs in secondary lymphoid organs such as lymph nodes and Peyer's patches. Antigen-activated lymphocytes rapidly lose lymphoid-organ homing receptors and exit from these organs to enter the bloodstream, where they migrate to inflammatory sites as well as various organs throughout the body (4, 5) . These properties of activated leukocytes permit an efficient surveillance of tissues for injury and infection.
In experimental autoimmunity, inflammation can be induced in naive animals by the transfer of activated autoreactive T cells (6) . Experimental autoimmune encephalomyelitis (EAE) is an inflammatory disease of the central nervous system (CNS) with similarities to multiple sclerosis, including episodes of relapsing and remitting paralysis (6) (7) (8) (9) (10) . EAE is mediated by major histocompatibility complex class II-restricted, myelin basic protein (MBP) or other CNS antigen-specific CD4 positive T lymphocytes. On adoptive transfer, activated T cells penetrate the blood-brain barrier and enter the CNS. The expression of clinical disease in EAE, i.e., neurological deficits such as relapsing paralysis, is a multistep event. An early event is the extravasation and entry of activated MBP-specific encephalitogenic Tlymphocytes into the brain parenchyma across the blood-brain barrier (11) (12) (13) (14) . Consecutively, other types of leukocytes are recruited. An inflammatory lesion consisting of macrophages, granulocytes, and lymphocytes is formed before the expression of clinical disease (6, 7, 9, 15) .
The exact mechanism by which activated lymphocytes cross the blood-brain barrier remains unclear. It has been shown that mAbs specific for integrin ␣ 4 can inhibit inflammation, including EAE (16) (17) (18) . Baron et al. (18) demonstrated a direct role for integrin ␣ 4 in the entry of activated T cells into normal CNS tissue. However, transendothelial migration of leukocytes is thought to involve several independent, specialized adhesion pathways that are mediated by various classes of homing receptors and their vascular addressins (2, 19) . Selectins have been shown to be involved in the primary step of leukocyte migration whereas integrins can be involved in primary as well as secondary (firm) adhesion (2, 19, 20) . Recently, a novel rolling interaction between lymphoid cells and endothelial cells has been described (21) . This interaction is not mediated by selectin or integrin ␣ 4 but has as its basis the interaction between CD44 and its principal ligand, the glycosaminoglycan hyaluronate (HA).
CD44 is a family of cell surface glycoproteins thought to function as cell adhesion molecules playing a role in leukocyte extravasation, lymphocyte homing, myelo-and leukopoesis, and binding to the extracellular matrix (21) (22) (23) (24) . Here, we analyzed the role of CD44, L-selectin, and integrin ␣ 4 in the various stages during the pathogenesis of EAE, namely primary lymphocyte homing to the brain and secondary recruitment of inflammatory leukocytes.
MATERIALS AND METHODS
Animals. Female (PL ϫ SJL)F 1 and C57BL͞6 mice used in this study were purchased from The Jackson Laboratory. Mice were kept under specific pathogen-free conditions in the Department of Laboratory Animal Medicine at Stanford University according to approved protocols and were used when between 5 and 10 weeks of age.
Establishment of Antigen-Specific T Cell Lines and Clones. T cell lines and clones specific for MBP peptide Ac1-11 were established from (PL ϫ SJL)F 1 mice as described (6, 25) . T cells specific for Listeria monocytogenes were established from C57BL͞6 mice as described (26) . T cell lines and clones specific for Mycobacterium tuberculosis (H37Ra, Difco) were established following the same protocols.
Induction of Adoptively Transferred EAE and in Vivo Antibody Treatment. For adoptive transfer of EAE, 1.25-5 ϫ 10 6 activated cells of the T cell lines were injected i.v. in 500 l of PBS into naive (PL ϫ SJL)F 1 mice 6-8 weeks of age. Purified mAbs (250 g) were injected i.p. on the indicated days. We evaluated all animals daily for disease signs and scored them according to a scale, with disease scores ranging from 1 to 5 as described (25) .
mAbs. The following anti-mouse mAbs were used in the experiments: IM7.8.1 (rat IgG2b anti-mouse CD44, anti-PGP-1), R1-2 [rat IgG2b anti-mouse CD49d, anti-␣ 4 -chain of integrin
(rat IgG2a anti-mouse CD5, anti-Ly-1), 53.2.1 (rat IgG2a antimouse Thy1.2), F23.1 (anti-T cell antigen receptor V␤8, IgG2a), and GK1.5 (rat IgG2b anti-mouse CD4, anti-L3T4). Hybridomas were grown in a Cell-Pharm hollow fiber cell culture system (Unisyn Tech., Hopkinton, MA). mAb 5C6 was kindly provided as ascites by Hugh Rosen (University of Oxford). Protein G affinity columns (Amersham Pharmacia) were used for mAb purification. Purity and concentration of mAbs was determined by gel electrophoresis and photometric assay at an optical density of 280 nm (OD 280 ). Antibodies were dialyzed and stored at Ϫ70°C until use. Directly fluorescein-or phycoerythrin-conjugated mAbs for staining and flow cytometry to analyze T cell surface marker expression were purchased from PharMingen and were used according to standard procedures.
In Vivo T Cell Trafficking Assay. Ten million antigenactivated T cells were suspended in RPMI medium 1640 supplemented with 10% FCS and were labeled in vitro with 10 g͞ml of fluorescent cell linker PKH2 (green; Sigma) or 5 g͞ml PKH26 (red; Sigma) according to the manufacturer's instructions. In some experiments, 10 g͞ml DiO C18 (green; Molecular Probes) and 5 g͞ml DiI C18 (red; Molecular Probes) were used in fluorescent labeling. Cells were incubated for 30 minutes at 37°C. After washing, cells labeled with the red dye were incubated for 30 minutes with 10 g͞ml of one of the mAbs R1-2, PS͞2, or IM7.8.1, and the cells labeled with the green dye were incubated with 10 g͞ml of one of the mAbs GK1.5, 53.7.3, 53.2.1, or IM7.8.1. Then, these cells were washed free of unbound antibody, were mixed in 1:1 ratio, and immediately were injected i.v. in PBS into naive (PL ϫ SJL)F 1 mice. Each animal received simultaneously two sets of 10 7 fluorescently labeled, antibody-treated cells. The exact ratio of green and red cells in the initial cell mix was determined by fluorescence microscopy. Brain, spleen, and liver were harvested 5-24 h later and were snap-frozen. Labeled cells in the brain parenchyma, spleen white pulp, and liver were counted by using a fluorescence microscope, and the ratio of red versus green cells was calculated. The results are given relative to the ratio of labeled cells in the cell mix before injection.
Effect of mAb Treatment on Peripheral Blood Leukocyte Subsets.
To determine the absolute cell counts of peripheral blood leukocyte subsets in mAb-treated animals, naive (PL ϫ SJL)F 1 mice were administered 250 g of purified mAbs GK1.5, R1-2, IM7.8.1, or PBS i.p. (n ϭ 5 per treatment group). Peripheral blood leukocytes were isolated by red cell hemolysis 24 h later for counting (Coulter Counter) and fluorescenceactivated cell sorter analysis with directly conjugated reagents for the percentage of B cells (B220ϩ; mAb 6B2), T cells (T200ϩ; mAb 53.7.1), and CD4ϩ T cells (mAb GK1.5). Specific staining of cells was analyzed on a FACScan (Becton Dickinson) according to standard procedures.
Histological Staining. Preparation of tissue specimens and histological staining were performed as described (25) .
In Vitro T Cell Proliferation Assay. Seven to ten days after antigenic stimulation, cells of the encephalitogenic T cell line TLMSB-9 were tested for their specific proliferative responses to MBP peptide Ac1-11 in the presence of various antibodies. Procedures have been described elsewhere (25, 26) .
RESULTS

Expression of Adhesion Molecules by T Cells with Different in Vivo
Activities. To detect possible patterns of adhesion molecules uniquely expressed on encephalitogenic T cells, we stained T cell clones and lines specific for M. tuberculosis, L. monocytogenes, and the MBP epitopes Ac1-11 and 87-99 with several antibodies directed against adhesion molecules ( Table 1 ). All clones tested were negative for mAb MEL-14, recognizing CD62L (L-selectin), the murine peripheral lymph node-specific homing receptor (27, 28 ). All T cells tested were positively stained by integrin ␣ 4 -chainspecific mAb R1-2 (29) . All cells were highly positive for PGP-1 (CD44) detected by mAb IM7.8.1. T cells were also positive for LFA-1 ␣ L -chain-specific mAb 2D7 (between ϩϩ and ϩϩϩϩ, according to grading in Table 1 ) and integrin ␤ 2 -chain-specific mAb C71͞16 (between ϩϩϩ and ϩϩϩϩ, according to grading in Table 1 ; ref. 30 ). In addition, MBP-specific T cell line L9 stained positively with mAb M301 directed against integrin ␤ 7 (data not shown). Most T cells had a defined in vivo activity, such as induction of EAE (31) or protection against facultative intracellular bacteria (26) . No specific pattern of expression of adhesion molecules could be clearly associated with encephalitogenicity of T cells specific for MBP peptides ( Table 1) .
The Entry of T Cells to the Brain Is Independent of Antigen Specificity and in Vivo Function. To follow the migration of activated T lymphocytes after adoptive transfer, an in vivo homing assay with fluorescently stained T cells had been used. Labeled T cells could be visualized and counted in the various organs 5 h after adoptive transfer (data not shown). The majority of transferred T cells was found in the liver and the mantle zone of the spleen. Only a few cells had entered the brain parenchyma at this time, but these were presumably responsible for inducing inflammation in the CNS and EAE. Both MBP-specific and L. monocytogenes-specific T cells entered the brain parenchyma after activation in vitro by the relevant antigen (data not shown). These data indicate that entry of T cells into the brain is apparently independent of their antigen specificity.
Antibodies to CD44 and Integrin ␣ 4 Reduce the Entry of Autoreactive T Cells to the Brain. Labeling of the T cells had no effect on their ability to mediate EAE (data not shown). Precoating of the encephalitogenic T cells with mAbs R1-2 and IM7.8.1 before adoptive transfer reduced the number of cells entering the brain parenchyma to 82 Ϯ 6% for R1-2 and to 44 Ϯ 7% for IM7.8.1 when the entry of noncoated or control antibody coated cells was determined as the norm (100%) ( Table 2) .
Antibodies to CD44 and Integrin ␣ 4 Prevent the Establishment of Inflammatory Lesions in the Brain. Although a substantial number of potentially encephalitogenic T cells were still capable of entering the brain when pretreated with mAbs IM7.8.1, R1-2 or PS͞2, no inflammatory lesions developed under continuous in vivo treatment with those antibodies (Fig. 1 ). Eight Immunology: Brocke et al.
Proc. Natl. Acad. Sci. USA 96 (1999) days after transfer of MBP Ac1-11 specific T cell line L9, PBS-treated mice or mice treated with mAb MEL-14 showed perivascular infiltrates composed of lymphocytes, granulocytes, and macrophages ( Fig. 1 a and b) . The infiltrates developed preferentially in the spinal cord, the brainstem, the cerebellum, and, to a lesser extent, in other areas of the white or parts of the gray matter in the brain. At this time, mice started to develop clinical signs of EAE. In contrast, treatment of mice with mAbs IM7.8.1 or R1-2 prevented appearance of inflammatory lesions in the brain after transfer of T cell line L-9 ( Fig. 1c; data not shown).
Antibodies to CD44 and Integrin ␣ 4 , but not L-Selectin, Block EAE in a Dose-Dependent Manner. Administered in vivo, mAbs IM7.8.1 and R1-2 prevented adoptive transfer of EAE (Fig. 2) . The therapeutic effect of antibodies depended on the total amount of antibody injected and on the mean disease score in a particular experiment. The protection of animals from EAE lasted as long as antibodies were administered (Fig. 2 b and c) . Three to eight days after the last antibody injection, all mice developed EAE with paralysis, although the mean disease severity was always lower than in the control animals at the same time point (Fig. 2 b and c) . In severe disease, mAb R1-2 delayed significantly the lethal outcome of EAE (data not shown). In contrast, when disease course was mild, animals could be protected from EAE for a longer period of time after the last antibody injection (Fig. 2d) . One or two injections of mAb IM7.8.1 at the time of transfer of T cell line L9 had no effect on the expression of EAE (Fig. 2a) . Continuous injections of mAb MEL-14, specific for L-selectin, also had no effect on the course of EAE (Fig. 2) . Antibodies to Integrin ␣ M Ameliorate the Clinical Course of EAE. mAbs M1͞70 (Fig. 2e) and 5C6 (Fig. 2f ) , specific for the ␣ M chain of integrin ␣ M ␤ 2 (Mac-1), ameliorated the clinical severity of EAE without reducing the number of sick animals (Fig. 2) Fig. 3 whereas treatment of mice with mAb R1-2 or IM7.8.1 did not significantly influence the overall number of T cells circulating in the bloodstream (Fig. 3) . Of note, the total white blood cell count, B cell, and non-B͞non-T compartments were slightly reduced after treatment with IM7.8.1 in vivo (Fig. 3) .
The Role of Adhesion Molecules in the Activation of Encephalitogenic T Cells. The proliferative response of encephalitogenic T cell line L-9 to MBP Ac1-11 was tested in the presence of mAbs (data not shown). As expected, anti-mouse CD4 mAb GK1.5 inhibits the proliferative response by Ͼ90%. This antibody in vivo also prevents and reverses EAE (32) . Neither mAb IM7.8.1 nor R1-2 reduced the antigen-specific proliferative response of T cell line L9. Similarly, isotype-matched control antibody M1͞70 had no blocking effect on the proliferative response of T cell line L9 in vitro (data not shown).
DISCUSSION
In EAE, T cells are induced and expanded in the peripheral immune system after immunization with myelin proteins and glycoproteins (25, 33) . Some T cells are able to generate an inflammatory disease of the CNS after entering meninges, the perivascular space, and, finally, brain or spinal cord parenchyma. Requirements for the induction of a T cell-mediated autoimmune inflammation in the CNS include appropriate antigen-specificity, functional (effector) phenotype of T cells, and the ability of autoreactive T cells to gain access to the target organ by crossing the blood-brain barrier. It has been shown previously that T cells can enter the brain parenchyma of naive mice depending on their activation state (11, 13) . Although initial homing of T cells to the CNS is independent of their antigen-specificity, only cells capable of recognizing CNS antigens remain in the tissue for longer periods (7, 11, 13, (34) (35) (36) (37) (38) (39) (40) .
Many models of leukocyte-endothelial cell recognition preceding transendothelial migration of leukocytes have been characterized as a multistep process involving reversible adhesion, leukocyte activation, and activation-dependent binding (2, 19, 20, (41) (42) (43) (44) (45) . In this study, we show that integrin ␣ 4 -positive and CD44-positive activated T cells with different in vivo functions can enter the brain of naive mice. It is noteworthy that the MBP-specific encephalitogenic T cell line L9 is positive for integrin ␤ 7 (T.V., unpublished data) because both integrin ␣ 4 ␤ 1 and integrin ␣ 4 ␤ 7 can act as adhesion receptors for vascular cell adhesion molecule 1 and fibronectin c-peptide (46) . We found that the ability of the lines and clones tested to enter the CNS of mice was independent of T cell antigen receptor usage, antigen specificity, and genetic background of mice. After adoptive transfer, a small number of T cells specific for myelin antigens apparently induced inflammation with massive cellular infiltrates in the CNS and clinical signs of EAE. The difference between encephalitogenic and nonencephalitogenic T cells seems to rest in their ability to induce an inflammatory reaction once they have entered the brain parenchyma. The inflammatory lesion in the CNS in EAE is composed of macrophages, lymphocytes, and granulocytes (15, 25, 47) and includes a heterogeneous T cell population (9, 38) .
Antibodies directed against CD44 and integrin ␣ 4 could interfere in several ways with the establishment of inflammatory lesions in the CNS: (i) At the vascular lumen, antibodies directed at adhesion molecules could directly block the entry of autoreactive T cells to the brain; (ii) antibodies to CD44 or integrin ␣ 4 could interfere with the successful reactivation of encephalito- Proc. Natl. Acad. Sci. USA 96 (1999) genic T cells by myelin antigens presented by glial cells, and possibly other antigen presenting cells, within CNS lesions; CD44 has been shown to be expressed on glial cells in EAE lesions and plays a role in the interaction between a T cell hybridoma and astrocytes in vitro (48) ; (iii) as in i, antibodies could block the secondary influx of leukocytes into the CNS at a later stage in the inflammatory process; and (iv), the antibodies might deplete the peripheral leukocyte pool substantially, preventing the organism from mounting an effective inflammatory response.
Our results indicate that the major effect of mAbs R1-2 and IM7.8.1 could be directed against events that lead to the secondary influx of inflammatory cells that are crucial for reversible clinical disease and demyelination. In that view, the entry of encephalitogenic cells into the brain parenchyma was not sufficient for the induction of histolopathological or clinical disease as long as leukocyte recruitment was blocked by antiadhesion molecule antibodies. The notion that the secondary influx of leukocytes was targeted by antiintegrin ␣ 4 mAbs with clinical relevance is supported by the study of Yednock et al. (17) , who demonstrated that adoptive EAE in the rat can be suppressed by antiintegrin ␣ 4 antibodies that were given after adoptive transfer of encephalitogenic T cells. In the mouse, when mAb treatment is stopped after 16 days, encephalitogenic T cells still resided within or migrated from the periphery into the CNS parenchyma, inducing inflammation and EAE. Thus, the antibodies did not seem to deplete the encephalitogenic cells in situ. The secondary recruitment of cells to the CNS inflammatory foci could result from any step in a multistep process. For example, in situ, T cells might require adhesive events to meet, adhere to, and be recruited by particular brain antigen-presenting cells. These antigenpresenting cells and the environment surrounding them could express adhesive elements such as vascular cell adhesion molecule 1, fibronectin c-peptide, HA, and Mac-1 (integrin ␣ M ␤ 2 ). Successful reactivation of T cells in situ could result in expression of new or quantitatively augmented addressins on CNS vessels resulting in an augmented, secondary influx. Thus, each of these antiadhesins that affect the generation of EAE pathology could operate within the CNS proper and͞or on the vessels that serve it.
Several lines of evidence point to an important function of CD44 as an adhesion molecule, with the observed roles for CD44 ranging from extracellular matrix binding, cell migration, lymphocyte development, metastasis, and lymphocyte homing (22) (23) (24) . CD44 is a proteoglycan with a wide tissue distribution whose polypeptide chain exists in various isoforms as a result of alternative exon splicing (22) . The sequence of CD44 displays a limited homology with the HA-binding domains of proteoglycan core and link proteins, indicating a role for CD44 as a receptor for HA (49, 50) . Of note, proteoglycans (51, 52) , including CD44 (52, 53) , have been shown to present cyto-and chemokines to leukocytes, resulting in the promotion of T cell adhesion. Several recent studies indicate an in vivo role for the interaction between CD44 expressed on leukocytes and HA or other extracellular matrix ligands. First, CD44 has been shown to be required for leukocyte extravasation into an inflammatory site involving nonlymphoid tissue in a model of cutaneous DTH reaction (23) and for short-term homing of activated T cells to inflamed peritoneum induced by local administration of superantigen (24) . Moreover, anti-CD44 treatment abrogates tissue edema and leukocyte infiltration in murine arthritis (54) . During a T cell response in vivo, binding of CD44 to hyaluronate is transiently up-regulated (55) . It is noteworthy that both integrin ␣ 4 and CD44 have been shown to mediate primary events in lymphocyte adhesion, namely, tethering and rolling under physiologic flow (21, 24, 56, 57) , whereas additional, as-yet uncharacterized molecules might play a role in primary adhesion of human T cells (58) . DeGrendele (21) demonstrated that lymphocytes with an increased potential of CD44-HA binding and subsequent rolling are generated during an inflammatory immune response in vivo. These functions of integrin ␣ 4 and CD44 might explain the modest reduction in the number of T cells arriving in the CNS parenchyma after in vitro-pretreatment of cells with blocking antiintegrin ␣ 4 and anti-CD44 mAbs. Strikingly, anti-L-selectin directed mAb MEL-14 had no effect on the generation of inflammatory lesions and clinical disease in EAE. Although L-selectin is expressed on many classes of leukocytes (27, 59) and plays an important role in leukocyte adhesion, rolling, and migration (20, 27, (60) (61) (62) , it is not expressed on antigen-activated T or B cells. It has become clear recently that selectins are not always required for leukocyte migration (43) . Conversely, antibodies directed at the C3b adhesion receptor (Mac-1) expressed on monocytes and macrophages ameliorated EAE significantly, as has been shown (63) . Possibly, the relevant Mac1-positive cells are in the brain and mediate an important antigen presenting cell-T cell interaction.
We propose that CD44, possibly through interaction with HA expressed on inflamed endothelium (64, 65) , and integrin ␣ 4 , but not L-selectin, play an important role in the events that lead to or are directly responsible for secondary recruitment of inflammatory leukocytes by T cells reactive with CNS autoantigens in EAE (66) (67) (68) or by T cells in mediating other autoimmune disorders (69, 70) .
